Exposure of mammalian cells to ultraviolet light, nutrient deprived culture media, hypoxia, environmental toxicants such as methyl mercury, methyl methanesulfonate, crocodilite asbestos or the agents that disrupt the function of endoplasmic reticulum (ER) leads to activation of the pro-apoptotic transcription factor GADD153/CHOP. Paradoxically, several of these agents also induce the anti-apoptotic transcription factor NF-kB. In this report, we demonstrate that NF-kB inhibits GADD153 activation in breast cancer cells exposed to nutrient deprived media, tunicamycin (which blocks protein folding in ER) or calcium ionopore (which depletes calcium stores in ER). Basal and calcium ionopore-induced GADD153 expression was more pronounced in ®broblasts obtained from mouse embryos lacking in p65 subunit of NF-kB compared to ®broblasts from wild type littermate embryos. Moreover, p657/7 ®broblasts were killed more eciently by calcium ionopore and tunicamycin but not hydrogen peroxide compared to wild type ®broblasts. We also show that parthenolide, a NF-kB inhibitor, sensitizes breast cancer cells to tunicamycin. Transient transfection assay revealed that the p65 subunit but not the p50 subunit of NF-kB represses GADD153 promoter activity. These results establish a correlation between repression of proapoptotic genes by NF-kB and increased cell survival during ER stress as well as identify a distinct NF-kB regulated cell survival pathway. Oncogene (2001) 20, 2178 ± 2185.
Introduction
The transcription factors that control the expression of pro-apoptotic and anti-apoptotic genes play a pivotal role in determining cellular response to stress. Exposure of cells to stress-inducing agents such as UV irradiation, DNA damaging chemicals, nutrient deprivation or hypoxia leads to activation of anti-apoptotic and pro-apoptotic transcription factors (Fornace et al., 1989; Huang et al., 1999; Kaufman 1999: Mercurio and Manning, 1999; Ou et al., 1997) . While the nuclear factor-kappaB (NF-kB) is the major stress-inducible anti-apoptotic transcription factor, p53 and growth arrest and DNA damage/CEBP homology protein (GADD153/CHOP) are the major stress-inducible pro-apoptotic transcription factors (Fornace et al., 1989; Kaufman, 1999; Mercurio and Manning, 1999) . The signi®cance of this paradoxical induction of both anti-and pro-apoptotic transcription factors is not known but may be responsible for cell type speci®c dierences in response to stress.
NF-kB is a heterodimeric transcription factor, which is usually sequestered in the cytoplasm by inhibitor-ofkappaB (IkB) proteins (Baeuerle and Baltimore, 1996) . A heterodimer composed of p50 and p65 subunit is the most abundant form of NF-kB that when localized in the nucleus activates gene expression via transactivation domains of the p65 subunit (Baeuerle and Baltimore, 1996) . Tumor necrosis factor (TNF) or interleukin 1 (IL-1) induce signaling pathways that inactivate IkBs and activate NF-kB (Baeuerle and Henkel, 1994) . Ionizing radiation, chemotherapeutic drugs and overloading of endoplasmic reticulum (ER) also activate NF-kB (Baeuerle and Henkel, 1994; Das and White, 1997; Pahl and Baeuerle, 1995) . In most cell types, NF-kB induces the expression of proin¯ammatory and anti-apoptotic genes and protects them against TNF, chemotherapeutic agents and radiation (Baeuerle and Baltimore, 1996; Beg and Baltimore, 1996; Van Antwerp et al., 1996; . The cell survival function of NF-kB is mediated by anti-apoptotic proteins TRAF-1, TRAF-2, c-IAP1, c-IAP2, Bcl-X L , B¯-1/A1 and manganese superoxide dismutase (Mn-SOD) (Grumont et al., 1999; Jones et al., 1997; Lee et al., 1999; Wang et al., 1998a Wang et al., , 1999 Zong et al., 1999) .
In contrast to NF-kB, GADD153 is expressed at a very low level in proliferating cells. However, mRNA for GADD153 increases rapidly upon exposure of cells to UV light, hypoxia, nutrient deprivation, alkylating/ DNA damaging agents such as methyl mercury, methyl methanesulfonate, crocodilite asbestos, chemotherapeu-tic drugs of conditions that perturb protein folding in the ER (Gately and Howell, 1996; Huang et al., 1999; Johnson et al., 1997; Kaufman, 1999; Ou et al., 1997) . It is a small nuclear protein that dimerizes with C/EBP family of transcription factors and inhibits the expression of C/EBP regulated genes (Ron and Habener, 1992) . In addition, C/EBP:GADD153 heterodimer binds to unique recognition elements and activates genes such as somatostatin, JunD and carbonic anhydrase (VI Ubeda et al., 1999; Wang et al., 1998b) . The p38 kinase, which is activated during cellular stress or upon TNF and IL-1 treatment, phosphorylates GADD153 and increases its transactivation potential (Wang and Ron, 1996) . Recent studies of GADD1537/7 animals and cells obtained from these animals have implicated this protein in cellular stress-induced apoptosis (Zinszner et al., 1998) . In addition, GADD153 is involved in Fas and ceramide induced apoptosis (Brenner et al., 1997) . It is suggested that GADD153 induced cell death may allow cellular regeneration following toxic insults in organs with such capacity.
Recently, we as well as others have demonstrated constitutive activation of NF-kB in breast cancer cells (Cogswell et al., 2000; Nakshatri et al., 1997; Sovak et al., 1997) . To identify the genes that are overexpressed in breast cancer cells with constitutively active NF-kB, we generated MDA-MB-231 breast cancer cells overexpressing IkBa super-repressor (IkBaSR). IkBaSR is a dominant inhibitor of NF-kB activation in which serine at amino acid positions 32 and 36 have been changed to alanine . The detailed characteristics of MDA-MB-231 derived clones with respect to IkBaSR expression and NF-kB DNA binding activity is described elsewhere (Patel et al., 2000) . NF-kB DNA binding activity, as determined by electrophoretic mobility shift assay (EMSAs), was 20, 10 and 40% lower in IkBaSR6, 8 and 10 clones, respectively, compared to parental cells that express only the retrovirus vector (LxSN11). Northern blot and RNase protection assays revealed reduced expression of urokinase plasminogen activator, IL-6, IL-8, c-IAP2 and Mn-SOD in IkBaSR expressing cells compared to parental cells (Newton et al., 1999; Patel et al., 2000) . To identify additional genes regulated by NF-kB in breast cancer cells, we performed comparative hybridization of human Atlas TM cDNA array (Clontech, CA, USA) with cDNA probes from LxSN11 and IkBaSR10 cells. We also observed increased expression of IL-6 and IL-8 in LxSN11 cells compared to IkBaSR10 cells in this assay (data not shown). In contrast, the expression of GADD153 was higher in IkBaSR10 cells compared to LxSN11 cells. To further con®rm these results, we performed Northern blot analysis of LxSN11, Ik-BaSR6, 8 and 10 cells grown under dierent growth conditions ( Figure 1a ). GADD153 transcript level was quantitated by densitometric scanning and normalizing to loading control 36B4 (a ribosomal protein gene). GADD153 is reported to be induced during serum starvation, glutamine deprivation, growth to con¯uency and upon exposure to tunicamycin (promotes accumulation of proteins in ER by preventing glycosylation) and the calcium ionopore A23187 (depletes ER calcium stores) (Huang et al., 1999; Kaufman, 1999; Zinszner et al., 1998) . In general, GADD153 expression was reproducibly (n=3) higher in IkBaSR cells compared to LxSN11 cells under these growth conditions. For example, GADD153 expression was *3.5-fold higher in serum-starved IkBaSR cells compared to LxSN11 cells. Similarly, A23187 treated IkBaSR cells expressed 1.5-fold higher level of GADD153 transcripts compared to LxSN11 cells. In contrast to GADD153, tunicamycin-and A23187-induced expression of the pro-survival ER-stress inducible gene GRP78 (Liu et al., 1997) and calreticulin was similar in all cell types (Figure 1b) .
To further con®rm the above results, we generated MDA-MB-435 cells overexpressing IkBaSR. NFkB:DNA complex containing p65 subunit was substantially lower in IkBaSR overexpressing cells (Ik BaSR 11, 17 and 18) compared to cells containing retrovirus vector alone (LxSN2) (Figure 1c ). In IkBaSR overexpressing cells, the DNA binding of p50 subunit appears to be enhanced. As with MDA-MB-231 cells, GADD153 expression was higher in IkBaSR cells compared to LxSN cells, particularly under serum-starvation and con¯uent growth condition (*15-fold dierence) ( Figure 1d ).
To investigate whether a chemical inhibitor of NFkB increases A23187-induced GADD153 expression, MDA-MB-231 cells were treated with parthenolide, a sesquiterpene lactone with anti-NF-kB properties (Hehner et al., 1998) . Parthenolide at 5 mM inhibited more than 80% of NF-kB DNA binding activity in these cells (Figure 2a , Patel et al., 2000) . GADD153 expression was consistently higher in cells pretreated with parthenolide compared to untreated cells ( Figure  2a ). GADD153 expression quantitated from ®ve independent experiments using RNA from untreated and cells treated for 5 h with A23187, parthenolide A23187+parthenolide is shown in Figure 2b . Parthenolide also increased GADD153 but not GRP78 expression in con¯uent MDA-MB-231 cells ( Figure  2c ). Parthenolide had no eect on A23187-induced expression of other ER-stress inducible genes such as calreticulin, collagen-binding protein 2 and GRP78 (data not shown). Therefore, parthenolide as such does not induce ER stress. However, it can alter the ratio between pro-survival GRP78 and pro-apoptotic GADD153 during ER stress by increasing GADD153 expression through inhibition of NF-kB.
The above results raised the possibility that NF-kB promotes survival of cells during ER stress by repressing GADD153 expression. To test this, we compared GADD153 expression in p657/7 and wild type ®broblast cell lines derived from p65-de®cient embryos and wild type littermate embryos, respectively (Beg and Baltimore, 1996) . Wild type and p657/7 ®broblast cells were a gift from D Baltimore and A Homann (Beg and Baltimore, 1996) . A23187 induced GADD153 expression was two times higher (n=3) in p657/7 cells compared to wild type ®broblasts (Figure 3a) . In contrast to GADD153, A23187-induced expression of GRP78 was marginally higher in wild type ®broblasts compared to p657/7 cells (Figure 3a) .
Sensitivity of wild type and p657/7 cells to A23187 and tunicamycin was measured to investigate the prosurvival function of p65 during ER stress. For this (Cornetta et al., 1994) . RNA was isolated from cells that were either serum starved for 48 h, grown to con¯uency, treated with A23187 (2 mM for 8 h) or with tunicamycin (1 mg/ml for 8 h). The blots were ®rst probed with GADD153 cDNA and reprobed with ribosomal protein gene 36B4 to ensure integrity of RNA (Newton et al., 1999) . purpose, 2610 3 cells grown overnight on a 96-well plate were treated with tunicamycin or A23187 for 48 h and cell death was measured by MTS assay (Promega, Madison, WI, USA). p657/7 ®broblasts were at least four times more sensitive than wild type ®broblasts to A23187 (Figure 3b) . Similarly, p657/7 cells were more sensitive to tunicamycin, although the dierences were less pronounced (Figure 3c ). p657/7 cells, however, were more resistant to hydrogen peroxide (H 2 O 2 ) compared to wild type ®broblasts (Figure 3d ). (7) or 5 mM parthenolide (+) for 3 h. A23187 was added (2 mM) and RNA isolated at speci®c intervals was analysed for GADD153 expression. The same blot was reprobed with 36B4 and GADD153:36B4 signal ratio is shown. After 5 h of A23187 treatment, GADD153 expression was twofold higher in cells pretreated with parthenolide compared to ethanol-treated cells. NF-kB and SP-1 transcription factor DNA binding activity in untreated and treated cells is also shown (lower two panels). (b) GADD153 expression, measured from ®ve independent experiments, is shown. A23187 induced GADD153 expression was set at 10 units, which was further increased in cells pretreated with parthenolide. (c) Parthenolide increases GADD153 but not GRP78 expression in con¯uent MDA-MB-231 cells. Con¯uent cells were treated with parthenolide (5 mM) for 5 h and total RNA was analysed as above
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The reason for increased sensitivity of p657/7 cells to H 2 O 2 is not known but the results are consistent with recent observations in HeLa cells (Kaltschmidt et al., 2000) .
We next determined whether inhibition of NF-kB DNA binding activity by parthenolide leads to increased sensitivity of breast cancer cells to A23187. MDA-MB-231 cells (10 4 cells) were pre-incubated with 5 mM parthenolide for three hours and then incubated with A23187 (1 mM) for 36 h and cell survival was measured by MTS assay. Combination of parthenolide and A23187 was more ecient (more than additive) in ) were pre-incubated with parthenolide (5 mM) for 3 h followed by 36 h incubation with A23187 (1 mM). Cell survival was measured as above. (f) GADD153 plays a role in ER stress-induced death of MDA-MB-231 and MDA-MB-435 cells. Cells were incubated with GADD153 antisense (GADD153 AS) or control oligonucleotides for 3 h and treated with tunicamycin (0.5 mg/ml for 24 h) and cell death was measured as above. Survival rate of cells incubated with GADD153 AS or control oligo without tunicamycin treatment was set at 100% killing these cells than either drugs alone (Figure 3e ). These results suggest that NF-kB protects breast cancer cells against ER stress-induced cell death.
Although reduced NF-kB DNA binding activity correlated with increased GADD153 expression and ER stress-induced cell death, these results did not provide direct evidence for the role of GADD153 in ER stress-induced cell death. To address this, we incubated MDA-MB-231 and MDA-MB-435 cells with morpholino GADD153 antisense oligonucleotides (5'-TGCAGTTGGATCAGTCTGGAAAG-3', nucleotides 148 ± 171, Gene Tools, LLC, Corvallis, OR, USA) or control oligonucleotides (5'-CCTCTTACCT-CAGTTACAATTTATA-3') for 3 h and treated them with tunicamycin (0.5 mg/ml) for 24 h (Summerton, 1999) . Cell death was substantially lower in cells treated with GADD153 antisense oligonucleotides compared to control (Figure 3f) . Similar results were obtained with A23187, although the protective eect of GADD153 antisense was less pronounced (data not shown). From these results, we conclude that GADD153 is required for ER stress induced death of breast cancer cells.
To investigate the mechanism of NF-kB-mediated inhibition of GADD153 expression, cotransfection experiments were performed in MDA-MB-231 cells with the GADD153 promoter/CAT reporter and NFkB expression vectors. The level of expression vector in each transfection was kept constant by substituting with empty expression vector. The GADD153/CAT reporter, p65 and p50 expression vectors have been described previously (Park et al., 1992; Stein and Baldwin, 1993) . The b-galactosidase expression vector pCH110 (Pharmacia) was included in all transfections to monitor transfection eciency. In parallel, cotransfection was performed with NF-kB/CAT reporter instead of the GADD153/CAT reporter. CAT activity in an equal number of b-galactosidase units was measured 48 h after transfection as described previously . A dose-dependent decrease in GADD153 promoter activity was observed with the transfection of the p65 expression vector (Figure 4) . In contrast, cotransfection of p50 subunit marginally increased promoter activity. Repression of GADD153 promoter by p65 is not due to non-speci®c squelching because p65 increased but p50 decreased NF-kB/CAT reporter activity (Figure 4) . These results indicate that the p65 subunit, which is essential for transactivation by NF-kB, is involved in repression of the GADD153 promoter.
The mechanism by which p65 represses the GADD153 promoter activity is not known. In fact, transcriptional repression by NF-kB in general is poorly understood. Composite response elements containing overlapping negative regulatory elements and NF-kB binding sites have been identi®ed in both the mammalian interferon b-promoter and the drosophila Zen promoter (Lehming et al., 1994; Nourbakhsh et al., 1993) . In drosophila, repression of the Zen promoter by dorsal (NF-kB homologue) involves interaction with HMG-1, gruncho, cut, dead ®nger or NTF-1 proteins (Brickman et al., 1999; Huang et al., 1995; Valentine et al., 1998) . The amino-terminal enhancer of split and the related protein TLE1 functions as co-repressors of p65 in mammalian cells (Tetsuka et al., 2000) . It is possible that a NF-kB:co-repressor complex instead of NFkB:co-activator complex binds GADD153 promoter and inhibits transcription. Deletion analysis of the GADD153 promoter revealed that the sequences located between 7247 to +91 of the GADD153 promoter is sucient for repression by p65 (data not shown). This region contains a cellular injury response element (CIRE), which binds to the transcription factor SP-1 (Gately and Howell, 1996) . It is possible that NF-kB competitively inhibits binding of SP-1 to CIRE as reported previously for P-selectin promoter (Hirano et al., 1998) . The other possibility is that NFkB sequesters a co-activator that is essential for induction of GADD153. NF-kB, for example, has previously been shown to interact with p300/CBP coactivators and inhibit expression of p53 regulated genes (Ravi et al., 1998) . Inducible expression of GADD153 is dependent on p53 status. For example, BRCA1 induces GADD153 expression only in p537/7 cells (MacLachlan et al., 2000) . It is not known whether repression of GADD153 by NF-kB occurs only in p537/7 cells, as both breast cancer cell lines used in this study contain mutated p53 (Bartek et al., 1990; Lesoon-Wood et al., 1995) .
When this manuscript was under revision, SchmittNey and Habner reported that GADD153 expression in response to cellular stress is inhibited by prior exposure of cells to ultraviolet light wavelength band C (UVC) (Schmitt-Ney and Habener, 2000) . Sequences in exon 1 of GADD153 are essential for UVA-mediated repression. The GADD153/CAT reporter used in this study contains exon 1. Because UVC is a potent inducer of NF-kB (Bender et al., 1998) , UVC-induced NF-kB may be responsible for repression of GADD153 expression. It was also reported recently that NF-kB down-regulates MyoD mRNA posttranscriptionally utilizing sequences 539 ± 914 in the mRNA . Although exon 1 of GADD153 and 539 ± 914 of MyoD show no sequence homology, we cannot rule out the possibility that inhibition of GADD153 expression by NF-kB is also post-transcriptional.
GADD153 expression positively correlates with response of head and neck cancers to cisplatin therapy (Los et al., 1999) . Introduction of GADD153 to gastric cancer cells increases their sensitivity to cisplatin and VP-16 treatment (Kim et al., 1999) . Therefore, reduced expression of GADD153 in cancer cells with constitutively active NF-kB may lead to decreased sensitivity to a variety of chemotherapeutic agents. The primary function of GADD153 is to induce apoptosis of cells that have sustained irreversible DNA damage and thereby preventing accumulation of cells with mutated DNA. It is possible that cytokines that activate NF-kB promote survival of cells with damaged DNA and that these cells may Oncogene Repression of pro-apoptotic by NF-kB S Nozaki et al eventually acquire transformed phenotype. In these cells, p38 kinase, which is activated during DNA damage or exposure to chemotherapy, may fail to induce apoptosis due to reduced GADD153 (Wang and Ron, 1996) . In addition, by inhibiting GADD153 expression, NF-kB may contribute to diseases involving alteration in ER function including congenital hyperthyroidism, diabetes insipidus and Alzheimer disease (Aridor and Balch, 1999) . With respect to mammary epithelial cells, NF-kB mediated repression of GADD153 expression may have an impact on lobulo-alveolar development, ductal branching, dierentiation and involution because these developmental changes require the activity of C/EBPb, the heterodimerizing partner of GADD153 (Robinson et al., 1998; Seagroves et al., 1998) .
Abbreviations GADD153/CHOP, growth arrest and DNA damage inducible gene 153/CEBP homology protein; NF-kB, Nuclear factor-kappaB; IkB, Inhibitor-of-kappaB; EMSA, electrophoretic mobility shift assay; ER, endoplasmic reticulum; IL-1, Interleukin 1.
